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STUDIES ON DENTAL CARIES

VIL SEX DIFFERENCES IN DENTAL CARIES EXPERIENCE OF
ELEMENTARY SCHOOL CHILDREN!

By HENRY KLEIN, Associate Denial Officer, and CarroLL E. PALMER, Passed
Assistant Surgeon, United States Public Health Service

INTRODUCTION

Data available in the literature (1, 2, 3, 4,5, 6,7, 8, 9, 10, 11) clearly
indicate that girls have more dental caries experience (greater number
of permanent teeth decayed, missing, or filled)? at the same chrono-
logical age and erupt their permanent teeth at an earlier chronological
age than boys. The first of these findings would appear to suggest
that girls have a higher susceptibility to attack by caries. Before
such a conclusion may be accepted, however, it is desirable to inquire
to what extent the earlier time of eruption of the teeth in girls affects or
determines their higher caries experience. Analysis of this question
constitutes the purpose of the present paper.?

MATERIAL AND METHODS

The data on which the present analysis is based were derived from
dental examinations of 2,232 boys and 2,184 girls attending the
municipal elementary schools of a small urban community, Hagers-

1 From Child Hygiene Investigations, Division of Public Health Methods, National Institute of Health
U. S. Public Health Service.

The preceding papers of this series are as follows:

I. Dental status and dental needs of elementary school children. By Henry Klein, C. E. Palmer, and
J. W. Knutson. Pub. Health Rep., 53: 751-765 (May 13, 1938).

II. Theuse of the normal probability curve for expressing the age distribution of eruption of the permanent
teeth. By Henry Klein, C. E. Palmer, and M. Kramer. Growth, 1: 385-394 (1937).

III. The measurement of post-eruptive tooth age. By C. E. Palmer, Henry Klein, and M. Kramer.
Growth, 2: 149-159 (1938).

IV. Tooth mortality in elementary school children. By J. W. Knutson and Henry Klein. Pub. Health
Rep., 63: 1021-1032 (June 24, 1938).

V. Familial resemblances in the caries experience of siblings. By Henry Klein and C. E. Palmer. Pub.
Health Rep., 53: 1353-1364 (Aug. 5, 1938).

V1. Caries experience and variation in the time of eruption of the teeth. By Henry Klein and C. E.
Palmer. Child Development, 9: 203-218 (1938).

1 Caries experience is defined as the total number of DMF permanent teeth or tooth surfaces (the number
of permanent teeth or tooth surfaces decayed, missing, or filled). For a full discussion of the DMF concept,
see reference (3). . .

3 Stoughton and Meaker (I) write, “* * * a higher percentage of girls than boys have one or more
permanent teeth ‘decayed, missing, or filled * *® *. As suggested in the preceding section, it may be
that girls lose their temporary teeth somewhat earlier than boys, and consequently their permanent teeth
erupt sooner and are exposed to caries over a longer period.”

(1685)
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town, Md. The dental examinations were made with plain mirrors
and fine-pointed pig-tail explorers under favorable lighting conditions.
Observations were made on all teeth present in the mouth and, in
addition, unerupted and extracted permanent teeth were noted. Pits
and fissures in which the explorer caught, and which after thorough
inspection were not considered definitely carious, were noted as
separate items and were not counted as carious. Teeth designated
as carious were those which showed actual cavities. The lesions
recorded are those which are readily found on a careful clinical dental
examination. The extent of caries in any single tooth was measured
in terms of tooth surfaces involved. When such areas extended from
one surface to others, the involved surfaces were counted separately
as carious surfaces. Remaining roots were considered as equal to
five carious surfaces. Records for filled teeth were made in a similar
manner, that is, filled surfaces were counted as past carious surfaces.
Full crowns, of which few were encountered, were considered equal
to five filled surfaces (five surfaces affected by past caries). These
procedures were designed to make possible the measurement and
tabulation of caries experience.

ANALYSIS

In order to determine the effect of sex differences in the time of
eruption of the teeth on the caries experience of children, it is neces-
sary to collect and tabulate two major classes of data. The first of
these, shown in table 1, makes it clearly apparent that, at the same
chronological age, girls have more permanent teeth and tooth surfaces
affected by caries experience than boys. The second tabulation of
data, presented in table 2, makes available, for each sex, information
which gives a measure of the length of time the teeth are exposed in
the mouth (post-eruptive tooth age).t

In order to show whether or not girls have a greater susceptibility °
to attack by caries than boys, it becomes necessary to inquire whether
or not the number of tooth surfaces showing a history of attack by
caries is greater for girls than it is for boys at points where each sex
has accumulated the same amount of post-eruptive tooth years of mouth
exposure. 'To make this determination, the caries experience values
given in table 1 are plotted against the tooth age values given in
table 2. The graph shown in figure 1 is thus obtained, from which

4 The application of an epidemiological perspective to the finding of coincident sex differences in eruption
and in caries experience leads directly to the suggestion that the teeth of girls, because they erupt earlier
than those of boys, have been exposed in the mouth to the risk of attack by caries for longer periods of time
than the teeth of boys. Because of the implications of this perspective in the analysis of the sex differences
in carics experience, the collection of data on the mouth years of exposure of the permanent teeth of the

separate sexes has been undertaken and the findings on this point have been presented in a previous publi

eation (19).
$In the present analysis caries susceptibility is measured as the number of permanent teeth or tooth
surfaces affected by caries experience expressed as a funetion of accumulated posteruptive tooth age.
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may be read the average number of DMF permanent teeth and the

number of DMF permanent tooth surfaces observed for each sex for

specified average numbers of post-eruptive tooth years of mouth

exposure.

TABLE 1.—Numbers of children, numbers of DMF* permanent leeth, numbers of
DMF permanent teeth per child, numbers of DMF permanent looth surfaces,

and numbers of DMF permanent tooth surfaces per child, by age and sex groups
(4,416 elementary school children, Hagerstown, Md.) v group

Age (last birthday)
Item
6 | 7 9 | 1 All
8 0 11 12 13 14 15
Number of children:
OYS- oo cccccccacmcceanae, 171 197| 231] 253| 270] 262 209 267| 199 83| 2,232
115 156 206 256] 240f 259 269] 207] 278 165 58 2,184
Numther of DMF permanent
Bo&s ........................ 43| 115 255 432 646/ 722{ 1,068] 1,065 1,012 554 5,932
{13 1 S 52| 178| 328 542 683 788| 1,111 1,413] 886] 359 6,340
Number of DMF permanent
teeth per child:
O¥S - ccmeccccecmmcceccannan 0.25| 0.58 1.10{ 1.79] 2.39| 2.76] 3.57] 3.99| 5.09| 6.67| 2.66
3 C T . 33| 86 1.28] 2.26] 2.64f 2.93 74| 5.08| 5.37| 6.19] 2.90
Number of DMF permanent
tooth surfaces:
591 169] 365 826 1,301] 1,334] 2,094 2,216/ 2,004| 1,191{11, 559
66| 237 470| 1,038] 1,274| 1,424 2,161| 2,852( 1,850| 822(12,194
tooth surfaces per child:
{1 1 J . 0.35 0.86( 1.58/ 3.26| 4.82] 509 7.00] 8.30| 10.07 14.35/ 5.18
(€31 3 K .42] 1.15| 1.84 4.33| 4 5.29| 7.28({ 10.26] 11.21| 14.17| 5.58
*See definition in the text.

TaBLE 2.—Accumulated post-eruptive tocth ages (in years) per child, by age and
sex groups (4,416 elementary school children, Hagerstown, Md.)

Chronological age (years)

6.5 7.5 8.5 9.5 10.5 1.5 12.5 13.5 14.5 15.5

BO¥S. o cccceeaeas 1.87 7.41 ) 16.94 | 29.18 | 44.09 [ 62.47 | 84.68 | 109.96 | 137.15 | 164.95
(61§ SR 3.16 9.76 | 20.18 | 33.49 | 50.15| 70.71 | 94.65 | 120.87 | 148.26 | 176.08

Study of the data presented in this figure leads to the conclusion -
that no significant difference in caries susceptibility appears to exist
between the two sexes. This conclusion is based on the fact that for
equal numbers of years of accumulated post-eruptive tooth age, the
caries experience of girls does not consistently exceed or fall below the
caries experience of boys. The curve showing the increase of caries
experience with increasing tooth age for girls (dotted line) for the
first twenty years of accumulated post-eruptive tooth age almost
exactly coincides with the curve for boys (solid line). With increase
in tooth age, the crossing and recrossing of the lines representing the
caries experience trends of the two sexes strongly suggest that the
slight differences which are observable are due to chance variations
and are not indicative of significant differences in the caries suscepti-
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FIGURE 1.—The relations, per child, between accumulated post-eruptive tooth age and caries experience
Data derived from dental examinations 012,232 boys and 2,184 girls of ages 6 to 13 years, Hagerstown, Md.
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bility of the two sexes. The actual observed finding that girls have
more caries experience than boys of the same chronological age is
explained, quantitatively, by the fact that the teeth of girls, because
they erupt earlier, are exposed longer to the risk of attack by caries

than those of boys.*
SUMMARY

Results derived from an analysis of dental examinations of 2,232
boys and 2,184 girls indicate that the higher caries experience of girls,
as compared with that of boys of the same chronological age, is ex-
plained quantitatively by the finding that girls, because their teeth
erupt earlier than do those of boys, are exposed longer (have a greater
posteruptive tooth age) to the risk of attack by caries than are boys.
On the basis of these findings, the conclusion is reached that girls
show no greater susceptibility to attack by dental caries than boys.
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STUDIES .OF SEWAGE PURIFICATION
VII. BIOCHEMICAL OXIDATION BY ACTIVATED SLUDGE!

By C. C. Rucunorr, Principal Chemist, P. D. McNAMEE, Assistant Chemist, and
C. T. BurTERFIELD, Principal Bacteriologist, Uniled States Public Health Service,
Stream Pollution Investigatiors, Cincinnali, Okto

In a previous paper (Z) it has been shown that when sterile sewage
or synthetic sewage is aerated in the presence of pure cultures of bac-
teria isolated from activated sludge, very high rates of oxidation are
obtained. The pure bacterial culture sludges consumed oxygen at a
very low rate until bacterial food was added to the substrate. The
increased quantity of oxygen used following the addition of the food
was ascribed to the oxidation of this added material. It is the purpose
of this paper to present a somewhat similar study of biochemical
oxidation, using natural activated sludges obtained from sewage treat-
ment plants. Without attempting to interpret the entire mechanism
of the activated sludge process, data are presented that have been
obtained in sewage and in sludge oxidation studies which arehelpful
for such purpose. As the method of determining the oxygen utilized
by the activated sludges employed in the earlier and in the present
paper has not been used extensively, a consideration of the precision
of the method is presented.

It is generally accepted that, under natural conditions, the bio-
chemical oxidation of organic matter in sewage, as shown by Theriault
(2), follows the unimolecular expression,

y=L (1—107%) 0)

where y=the B. O. D. satisfied in time ¢,
L=the initial total earbonaceous B. O. D.,
k=a velocity constant of 0.1 at 20° C., and
t=time in days.

The results of an experiment are introduced illustrating that bio-
chemical oxidation rates are not necessarily limited to this established
natural rate and demonstrating the acceleration of rates of oxidation
of organic matter in sewage under artificial conditions of treatment.
Data are presented to indicate that rates of oxygen utilization by the
sludge in an experimental plant varied considerably, and that informa-
tion in addition to that concerning the extent and rate of oxidation of

1 The data on which this paper is based were presented and discussed before the Ninth Annual Meet-
ing of the Central States Sewage Works Association, Indianapolis, Ind., Oct. 30, 1936.
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a sludge mixture is required to evaluate the biochemical activity of
the sludge. Consequently, comparable data on oxygen utilization of
sludge alone and on the same sludge fed with single and multiple
increments of various substrate nutrients were obtained and are pre-
sented as a contribution to our limited knowledge of the rates and
extent of sewage oxidation in the activated sludge process. The pro-
portion of the total purification of sewage accomplished by the acti-
vated sludge process which can be credited to oxidation will not be
considered here but will be discussed in a later paper.

EXPERIMENTAL METHODS

The method of determining the oxygen utilized by sludge or mix-
tures of sludge and sewage in this study was the same as that used in
the previous work () (4). Briefly, this consisted in aerating the
material under study in a closed system and determining, periodically,
the total quantity of oxygen remaining. To determine the per-
formance of any mixture with different or multiple increments of
substrate, the sludge with dilution water as a control and the sludge
with the substrate feed added were always acrated simultaneously in
two or more of these closed aeration bottles. Biochemical oxygen
demand for various periods of incubation by the ordinary dilution
method was also determined on the nutrient substrates used.

Activated sludge.—The activated sludge used in most of the experi-
ments was obtained from the experimental plant at this station. Ina
few experiments, activated sludge from the north and south plants at
Lancaster, Pa., was employed.

Dilution water.—The quarter strength phosphate buffer (3) (formula
C) water was used throughout these experiments. This water was
developed for use in the oxygen demand test, and it has been shown (§)
that the presence of the phosphate did not exert any influence on the
rate or extent of oxidation in aerated sludge.

Nutrient substrates.—All sewage was domestic sewage. The sewage
was either filtered through cotton or allowed to settle to remove the
coarse suspended matter and make it approximately comparable to
the preliminary settled sewage available at sewage treatment plants.
Unfortunately the B. O. D. of the sewage varied over wide limits.
Sterile sewage was obtained by autoclaving settled sewage in 6-liter
Erlenmeyer flasks at 15 pounds for 15 minutes. A nutrient substrate
simulating sewage in B. O. D. but containing no suspended detritus
and having its nutrient material in true colloidal and soluble form was
also used in these experiments. This nutrient substrate will be re-
ferred to hereafter as synthetic sewage. It contained peptone and
meat extract, as nutrients, besides small quantities of urea, disodium
hydrogen phosphate, and the other inorganic salts usually found in
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sewage and had the same composition as that used in the pure culture
work (1). The concentrated synthetic sewage contained 250 times
the concentration of the same materials as the normasl synmthetie
sewage. By the addition of 4 ml of this concentrated material to a
liter of the sludge mixture, the B. O. D. load was increased by an
amount equivalent to that of a liter of normal sewage but without
the necessity of removing any supernatant from the mixture under
aeration.

All of the experiments described were carried out in a 20° C. con-
stant temperature room. Although pH determinations were made on
the substrates during the course of oxidation in every experiment, the
PH changes found were too small to affect the rate or extent of oxida-
tion and will not be discussed in this paper.

EXPERIMENTAL DATA

Precision of oxygen absorption measurements.—Although an exten-
sive series of tests has been made on the precision of the aeration
method for the determination of biochemical oxygen demand during
the development of the procedure, the results of which indicate an
error not exceeding 5 mg, it seemed pertinent to repeat these tests
using the identical materials employed in these studies. Accordingly,
three aeration bottles were prepared containing as nearly as possible
identical quantities of a sludge sewage mixture. Each bottle was
prepared by settling for 30 minutes 1 liter of plant aeration mixture,
siphoning off 800 ml of supernatant and adding 825 ml of sewage.
After mixing, 25 ml were withdrawn for the suspended solids deter-
mination. The mixtures were aerated simultaneously. Suspended
solids determinations were made at the start and at the close of the
test. Determinations of amounts of residual oxygen were made at
the intervals indicated in the table. The results obtained, ineluding
the mean and average and maximum deviations from the mean, are
given in table 1.

TasBLE 1. —Indwatcd precision of aeral me!lwd—andytwal resulls oblained from

observations on 3 portions of the same activated sludqe plus feed mizture with each
portion treated and examined as a separate unit

}“ﬁmﬂ“"g&gm Mg of O used per liter in indicated time fn heurs
Bottle No. -
After 24
Atstart | After? % 2 4 25 »

1 1,380 Lase| =ms| 7| s1f msaa}l 17
2 1,376 Lios| 94| 29| 73| 03] 15
3 1,38 L] wo| 7| 07| 1ss0| 17
Mean. o] 1,375 Las| me|l @4l mse] sse| 1ms
Average devistion__. ... . 3| L6 28 40 .6 L7
Maximum devistion. .| 7 a 24 .3 a1f .o 26
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The maximum deviation from the mean varied from 0.9 to 6.1
milligrams of oxygen per liter, which is within the limits of the pre-
cision of the method originally established. The average deviations
from the mean varied from 0.6 to 4.0 milligrams. As it is desired to
observe differences in oxygen absorption results for dosed and control
activated sludge mixtures, an average deviation of +4.0 milligrams
in an observation introduces the possibility of considerable error for
the first ¥-hour aeration period. In the later experiments of this
paper the observed increments of oxygen absorption resulting from
the addition of the substrate food ranged from about 7 to 26 milli-
grams for the first %-hour aeration period and the maximum per-
centage of error due to method are to be expected. From the 1%-
hour observation period on, these increments of oxygen absorption
produced by the addition of the sewage ranged from about 40 to 190
milligrams, and the probable error due to the method becomes a
much smaller factor. It is believed that beyond the 1%-hour observa-
tion period the majority of the observations (obtained by differences)
are subject to less than 10 percent errors. These limitations of the
accuracy of the method should be considered in interpretation of
short aeration period (30 minutes) observations. However, the
probable errors are not serious for longer periods and do not in any
way invalidate the results obtained.

DEMONSTRATION OF CHANGE IN BIOCHEMICAL OXIDATION RATES

Results of the first experiment are presented to demonstrate that
decided changes in the rates of biochemical oxidation reactions are
possible under artificial conditions such as are maintained in the
activated sludge process. In this experiment four aeration bottles
were prepared. These bottles, at the start, contained the basic
components shown for the first aeration period for samples 1 to 4 in
table 2. As indicated, these bottles contained no activated sludge
at the start but each contained 1 liter of sewage. Small quantities,
4, 8, and 12 ml, of concentrated sterile synthetic sewage were added to
samples 2, 3, and 4, respectively. The four mixtures were aerated
for 27 hours, and during this period a number of observations on the
amount of oxygen utilized were made. At the close of the 27-hour
aeration period the bottles were opened and samples 2, 3, and 4 again
received, respectively, 4, 8, and 12 ml of the same concentrated
sterile synthetic sewage that had been added at the start. Nothing
was added to sample No. 1. The samples were aerated again for an
additional 22.5 hours and oxygen utilization determinations were
made during this period of aeration. Table 2 shows the total car-
bonaceous oxygen demand of the sewage mixtures at the start of the
first and second aeration periods calculated from a series of dilution
method biochemical oxygen demand values for the components of the
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samples. The total L value of the sewage mixture at the end of the
first aeration period was obtained by subtracting the quantities of
oxygen used by each sample for the first 27 hours from the initial
total L value for the corresponding sample. The total quantity of
oxygen utilized at the end of each period of observation for each sample
during the first and second aeration periods is shown in table 3.
These data are plotted in figure 1.

TaBLE 2.—Ezperiment 1—Total carbonaceous B. O. D. (L values) on rapzd develop-
ment of activated sludge

Basic components in ml Total carbonaceous B. O. D. (Z value) in mg

First aeration imag At beginning of first 27-hour | At beginning of second 22.5-
period period aeration hour aeration

" Sample No.

Synthetic
sewage

Raw |Synthetic| added | Raw [Synthetil Toa! | Raw |Synthetic| Total.
sewage| sewage after |[sewage| sewage | ;..o .o |sewagel| sewage | p..coo .

first
period
1, 000 0 02552.9 0 552.9 | 339.4 0 339.4
1, 000 4 41 b552.9 3268.9 821.8 | 457.6 3268.9 728.5
1, 000 8 8| 552.9 537.8 | 1,090.7 | 591.2 537.8 1,128.0
1,000 12 12| 552.9 806.7 | 1,350.6 | 700.6 1,507.3

1 This value is obtained by deducting the quantity of oxygen used by each sample during the first 27-hour
aeratlon riod from the total L value for the corresponding sample at the start.
on dilution method B. O. D. results for 3, 5, and 7 days.
' Based on dilution method B. O. D. results for 2, 3, 4, and 6 days.

TaBLE 3.—Ezperiment 1—Total ozygen utilized by each sample on rapid
development cof activated sludge

[Results in Milligrams per iter]

Results for first 27-hour aeration Results for second 22.5-hour aeration
A"“t"]‘:"",;;me In Sample No. Sample No.
1 2 3 4 1 2 3 4
2.3 2.9 25.6 11.7 62.3 87.4 99.5
45.0 41.0 39.6 16.4 103.6 138.1 184.7
63.7 69.6 74.0
88.7 106.7 101.2
100.7 140.0 158.7 19.5 179.3 | 322.6 437.6
120.8 156.0 176.0
131.3 170.7 168.3 409.5 635.1
35.6 229.9 462.9 600.9
484.2 639.1
159.2 191.1 240.4
172.6 220.5 254.3
.......... 65.2 345.0 693.1 925.8
326.2 427.3 541.7 79.5 391.7 772.3 1,034.8
339.7 4356.2 573.9
364.2 499.5 659.0

From the data presented in tables 2 and 3, the formulae representing
the oxidation reaction for these samples have been derived. These
formulae are, (A) a formula representing oxidation at a unimolecular
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rate as already presented (/), and (B) a formula representing the
oxidation as the sum of two unimolecular rates
y=L—[a(10-%) 4+ b(10%9)] (B)

where y=the B. O. D. oxidized in time ¢,

L=the initial total carbonaceous B. O. D.,

a=a constant representing the portion of L oxidized at a high rate,

b=a constant representing the portion of L oxidized at a lower rate,
k;: and k;=the velocity constants that apply to a and b respectively, and

t=time in days.
In formula B the rate at which the portion (a) of L is oxidized during
aeration is very high compared with the rate at which (b) is oxidized.
Because the rate k; is relatively large, the term «(107**) rapidly
becomes smaller and after a few hours is negligible indicating that
(@) has been entirely oxidized. The constants for the formulae repre-
senting the oxidations for these samples are given in table 4. The
data presented indicate that, at constant temperature and optimum
pH, the rate of oxidation depends upon the relation between the
microflora and the substrate food which prevail in the biochemical
system, and that biochemical oxidation under the various states of
equilibrium possible between these two factors does not always
follow the unimolecular reaction.

In this experiment the original sewage aerated during the first
27-hour period was oxidized at a rate so much higher than the uni-
molecular one that the oxidation reaction could be fitted only by the
formula (B), y=L—[a(10~**)+b(10**)]. During the second period,
however, the data for this sample indicated a unimolecular rate fitting
the formula (A), y=L—(1—10"*). In samples 2, 3, and 4, to which
additional concentrated food was added, a lag was observed for a
few hours after aeration was started. The data for these samples
during the first 24 hours indicated oxidation at slowly increasing rates.
On the second day, however, when further increments of concentrated
food were added, a marked immediate increase in the rate of oxidation
was observed. During this period the data could not be fitted to
unimolecular formulae but could be fitted by formula (B). This
phenomenon of oxidation at greatly accelerated rates requiring the
more complicated formula (B) to fit the data suggests that the velocity
constants in this expression will vary considerably, depending upon a
number of factors. Consequently no fixed formula can be given that
will represent the oxidation of organic matter in artificially cultured
systems such as the activated sludge process.

It may be justifiable to point out that the oxidation reactions
occurring in the samples receiving concentrated food could not be
explained on the basis of the so-called immediate chemical oxygen
demand. They do seem rational, however, on the assumption that a
population of microflora is developed during the first aeration period
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which is capable of oxidizing, at much higher rates, the food added on
the second day.

TABLE 4.—Experiment 1—Form of reaction curve and velocily constants for samples
during the first and second aeration periods

Constants for reaction curve
Form of re-
action curve | oo rhonaceous B. O. D. inp. p.m. Velocity constants at 20° O.
Sample
First aeration | Second aeration Second aeration
No. First g;g period period First aeration period " period
tion | sers-
penodnpmod L |a] b L [] b K! Ki1|Ks| K |K1| K,
0-11 |11-27
hour | hour
B A 553 | 53 | 500 | 339 4.0 0.194 [0.121 -
A B R A, 726 | 98| 628 10.206 [0.208 |_.._. 6.0 [0.293
A B 1,080 |____|-.__. 1,129 | 199 | 930 | .167 | .241 3.2|.4
A B (1,360 [-cc|-aea- 1,507 | 227 |1,280 | .112 | . 151 33|.4

Curve (A): y=L(1-10-%¢). Curve (B): y=L—[a(10-%)+b(10-1)].
1 In samples 3 and 4 the K is rapidly increasing during the first 24-hour period and for periods indicated
is about as given.

QUANTITIES OF OXYGEN USED BY ACTIVATED SLUDGE MIXED LIQUOR FROM THE
EXPERIMENTAL PLANT

In a series of experiments in 1933, Theriault and McNamee (6)
determined the rates of oxygen absorption in the mixed liquor of an
aeration tank. The analyses of their data indicated the following:

(1) That the results of some experiments could be fitted to the
unimolecular expression (A), but the velocity constants at 20° C.
had a mean value of about 0.208, indicating, for the periods of obser-
vation, oxidation at higher rates than those obtained under natural
conditions.

(2) That the data for most of the experiments best fitted the ex-
pression (B) indicating oxidation as the sum of two unimolecular rates.

Theriault and McNamee (5) were the first to show that the expres-
sion (B) was necessary to define the rates of oxidation occurring in an
activated sludge. Recently Moore (7) has pointed out that the data
of Kessler and Nichols (8) on oxygen consumption in activated sludge
mixtures could be represented as the sum of three unimolecular rates.

A summary of the data obtained by Theriault and McNamee (6)
on oxidation in the mixed activated sludge liquor from the aeration
tank at this station is presented in table 5. Sixty-nine samples of
mixed liquor taken from the same point in the aeration tank were
studied. Nitrification occurred in 15 of these tests and did not occur
in the remainder. The series showing no nitrification was divided
into three groups according to the amount of oxygen used per gram
of suspended solids in 4 hours. The mean quantities of oxygen
absorbed for each group and the maximum and minimum quantities
of oxygen absorbed in 48 hours per gram of suspended solids are
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plotted in figure 2. These data show the tremendous differences in
oxidation taking place at various times in the sludge aeration mixture.
They also indicate that it would be desirable to know the quantity of
oxygen that was required by the activated sludge alone, and also the
biochemical oxygen demand of the substrate that was applied.

TaBLE 5.—Ozygen used by activated sludge-mized Kquor from experimental plant
[69 series of tests from January 1833 to September 1834)

Sus- Mg of Oz used per suspended solids in
Nitrity- | Nom- pended indicated time (Bours)
Group ber of Result N
ing series solids,

p. p. m. 1 2 4 6 4 48

3,520 | 832|123 22| 20.9] 89.0 | 144

Lececacaca- No...... 3,304 | 4.42]13.3 25.1 136.0 | 258

3,032 | 6.31 2.3 74.2 | 119

3,030 | 9.65 | 18.3 35.4 | 48.7 1} 142 225

| I No ... 3,320 | 6.80 | 16.4 38.0 184 319

3,100 | 861|137 26.1) 382 {114 201

2,500 | 17.8 | 32.8 58.7] 8LO | 202 329

S No.__... 2,560 | 24.4 | 47.3 9L 5 | 258 435

2,20 | 14.9 | 30.5 55.4 | 80.8 | 187 308

3,606 | 7.09 | 12.8 22.2] 30.2} 97.7 | 142

[ SO, Yes..... 8 3,206 | 550 | 865 | 20.4 147 272
% ) T 8,700 | 870 | 13.0 18.9| 2483 5L2| 732

THE QUANTITIES OF OXYGEN USED BY ACTIVATED SLUDGE ALONE AND WITH THE
ADDITION OF BUBSTRATE FOOD

A number of experiments were performed with activated sludge to
which different amounts of substrate food were added. The data
obtained in these experiments are presented in table 6. In experi-
ments 2 and 3, three multiple increments of concentrated synthetic
sewage were added to liter quantities of a well-aerated activated sludge
mixture and these were aerated. Another liter of the same activated
sludge mixture was aerated alone, simultaneously, as a control. In the
remainder of the experiments, supernatent liquor was withdrawn
from the aerated activated sludge mixture chosen for study before
dosing with normal strength nutrient material. In each case the sludge
mixture was distributed in 1-liter amounts inteo liter cylinders, care
being taken to prevent settling during the distribution of these sam-
ples. The sludge was allowed to settle in the cylinders for 30 minutes
before siphoning off the supernatant liquor. In experiments 4 and 5
the supernatant liquor was removed as described from liter quantities
of aerated mixture and multiple increments of sewage were added to
three cylinders. Dilution water was added to the fourth one, which
served as a control. All samples were then returned to the closed
system aeration bottles for further aeration. In experiments 6 to 10,
sludge mixtures prepared as described and dosed with synthetic, raw,
clarified, or Berkefeld-filtered sewage were aerated simultaneously
with controls containing the same quantities of sludge and buffered
dilution water. The data in table 6 indicate that in every experiment
more oxygen was utilized in the dosed or fed mixtures than in the
control mixtures.
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FIGURE 2.—Oxygen consumption of activated sludge mixed liquor from experimental plant.
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The quantities of oxygen that were used as a result of the addition
of the food to the sludge obtained by subtracting the quantities used
in the controls from the quantities used in the corresponding sludge
nutrient substrate mixtures are shown in table 7. It will be observed
in experiments 2 to 5 that doubling or tripling the B. O. D. of the sub-
strate by the addition of food did not result in proportionate increases
in the amount of oxygen utilized. In other words, the quantities of
oxygen utilized as a result of the food added (B-A, C-A, and D-A,
table 7) are not proportional to the B. O. D. of the food increments
added. This is illustrated for experiment 4 by figure 3, which shows
the quantity of oxygen utilized for each of the three increments of sub-
strate food added. Although the 5-day B. O. D. of the substrate food
was increased threefold in these experiments, the oxygen utilized
during 4 hours aeration was only about double that required for a
single food increment. For shorter periods of aeration, less than
twice the amount of oxygen was required when a triple food supply
was added. In experiment 3, nitrification was carried much further
with a single increment of sewage than it was with larger doses.
Nineteen parts per million of nitrate were produced in 24 hours by
the addition of 1 increment of sewage, while with 3 portions, which pro-
portionately provided for the formation of 57 parts, the sludge pro-
duced only 28 parts of nitrate in the same time. Experiments 2 to 5
illustrate that, for the aeration periods ordinarily employed, activated
sludge has the capacity of oxidizing the B. O. D. of substrates applied
to it at a rather high rate, but that the extent of oxidation of
increments of substrate feed during the same periods of time is not
proportional to their respective B. O. D. values.

The additional quantities of oxygen used when activated sludge
is dosed with synthetic sewage, raw sewage, sewage clarified with
ferric chloride, or Berkefeld-filtered sewage are shown for experiments
6 to 10 in table 7. It will be noted that with these substrates the
additional quantities of oxygen used by the sludge mixture were of
the same order of magnitude as for experiments 4 and 5.

The increased amounts of oxygen used as a result of the addition
of the substrateds a useful index of sludge-oxidizing capacity. This
involves the assumption that the same quantity of oxygen is required
by the sludge control as for the sludge component of the feed mixture
during the short periods of observation employed. The reasonable-
ness of this assumption has already been discussed in the pure culture
sludge paper (). Although the validity of the assumption has not
been checked as yet for carbonaceous material, it has been demon-
strated as true for ammonia. However, it makes little difference
whether this assumption is exactly correct or not for the purpose of a
practical test. This has been demonstrated by our experience in the

87206°—38——2
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operation of the experimental plant and by the results obtained by
Bloodgood (9) at Indianapolis.

TABLE 7.—Additional quantities of oxygen used when vartous substrate foods we
addu{ to activated sludge "

Coal- Mg of oxygen used per liter in indicated time (hours)
u!

of
tion

from
table 6

Experiment No.
1 2 24

R
@
-
o
s

14 2

? T B-A
C-A
D-A

| S — B-A
C-A
D-A

caeaeeneeee| B-A
< C-A
D-A

L B-A
C-A
D-A

[ S | B-A
Br-Ag
Cr-A1

183.7 | 1923 |........
9.

S14.1 | 544.7 |..eeo.._

197.3 | 235.8 |........

415.1 | 606.1 |......._

-
8
-
- e

can

528 532 Ba
5gp 87 HRB
d
*

5

BR 2B BS «8 Bak RER B5S ¥gs BER
©W ) O WO WO NN RW ©XO WO
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E25 B3R mER ggp
OO NBm NN ~OO

NN O =D
..-
-
53
O~
-
3

E¥ B58
N OO

[ S B-A
C-A

| J B-A
C-A

| R, B-A
C-A

10 .ccccceemaena.| B-A
{4 C-A

768.0
7119.9 |..

N2 25 N5 23

“Jr 00 TR =y

g3 22 8% N8

N O DD =
I

1434 hours. 29 hours. 31 hour. 48 hours. #26 hours. ¢ 12 hours. 123 hours.

For practical purposes, therefore, the difference between the quan-
tities of oxygen utilized by the fed mixture and by the activated
sludge control represents substantially the oxidation of the added
substrate as produced by the activated sludge under aeration. If a
substrate with a constant 5-day B. O. D. is used in the tests, the
quantity of substrate oxidation determined as above is a direct index
of the oxidizing capacity of the sludge. High values in general indi-
cate a good sludge, while low values indicate a poor sludge. As the
performance obtained is not independent of the B. O. D. of the sub-
strate added, this factor must be taken into account in sludge sub-
strate oxidizing capacity tests conducted with substrates having differ-
ent B. O. D. values. In this study the quantity of oxygen used to
oxidize the substrate has been calculated in percentage of the 5-day
B. O. D. of the substrate that was added to obtain comparable data
of sludge-oxidizing capacity. This has been done for experiments 2
to 10 and the results are shown in table 8. It will be noted that the
percentage of oxidation of the substrate B. O. D. calculated as de-
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scribed, after )-hour aeration in the presence of activated sludge
varied tremendously, from 3.1 to 70.5 percent, depending upon the
quantity and quality of the sludge present, the B. O. D. of the sub-

200 US. Pustic Heacrw SErvice

STREAM SoLLuTION INVEST. STATION
CINCINNATY, Onro

o
3

PER LITER USED AS A Resuer or Twe Aboririon
oFr Suvasrmrare Fooo

o

Maems.

| | | l i
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FiGURE 3.—Milligrams of oxygen used to oxidize increasing increments of sewage substrate feed by the

same quantity of activated sludge. Experiment 1—non-nitrifying sludge.

strate applied, and upon whether the sludge was nitrifying or not.
These great differences in performance are noticeable throughout the

aeration periods employed in these experiments.
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When a substrate with a 5-day B. O. D. of 1,041 p. p. m. was fed
to a mixture containing 2,624 p. p. m. of nonnitrifying activated
sludge, as in experiment 2, using 3 increments (mixture D) of sewage,
20.8 percent of the 5-day B. O. D. was satisfied after 4 hours and 58.2
percent after 22 hours. On the other hand, when a portion of sewage
with a 5-day B. O. D. of only 31.5 p. p. m. was fed to a mixture con-
taining 3,564 p. p. m. of an actively nitrifying sludge, as in mixture B,
experiment 5, 116 percent of the 5-day B. O. D. was satisfied after
4 hours and 480 percent after 24 hours. These two cases illustrate
the extremes in substrate oxidation performance noted in these
experiments.

Experiments 6 and 8 indicate that there is very little difference in
the percentage of oxidation of raw sewage and synthetic sewage
materials when similar doses of these substances are fed to similar
quantities of activated sludge. Experiments 9 and 10 show that
when sterile sewage is fed to an activated sludge, the percentage of
substrate oxidation is approximately the same as when raw sewage
is used as the feed. Although raw sewage ordinarily contains from 1
to 10 million bacteria per ml when added to an activated sludge, these
experiments indicate that it is immaterial whether these additional
bacteria are added or not so far as the success of the biochemical
oxidation accomplished in the process is concerned. It would seem
from this fact that the numbers of bacteria already present and func-
tioning in activated sludge must be truly enormous.

The Berkefeld-filtered sewage used in experiment 6 and the clarified
sewage used in experiment 7 had 5-day biochemical oxygen demands
of 118 p. p. m. and 62.0 p. p. m., respectively. Dosing with these
substrates contributed a much lower B. O. D. load than did the corre-
sponding raw sewages. In accordance with the principle illustrated
in experiments 2 to 5, it would be expected that the percentages of
oxidation for these substrates would be greater than for the corre-
sponding raw sewages, and the results indicate that this is actually
the case. The sludge in experiment 7, dosed with clarified sewage,
accomplished considerable nitrification, while the raw sewage mixture
in this experiment failed to reach the nitrification stage during the
10-hour period of examination.

OXIDATION PERFORMANCE DURING THE DEVELOPMENT OF ACTIVATED SLUDGE IN
THE EXPERIMENTAL PLANT

The oxygen requirements of dosed and undosed (control) sludges
during the development of activated sludge in the experimental plant
were studied in a series of tests. These tests were made in exactly
the same manner as those already described. The first test was made
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after the plant had been operated on the fill-and-draw principle for
several days and 182 p. p. m. of suspended solids had been built up
and retained in the tank. Thereafter tests were made about once a
week for 11 weeks. At the end of this period a fairly good nitrifying
sludge had been developed. The quantities of oxygen used by the
control and by the dosed sludge during this series of tests are shown in
table 9. Table 10 shows the 5-day and 20-day B. O. D. of the plant
effluent, the 5-day B. O. D. of the substrate feed added for the test,
and the increased quantities of oxygen used as a result of the food
added. The percentage of the 5-day B. O. D. of the substrate that is
oxidized, calculated as has been described, is presented in table 11.

TABLE 9.—Quantities of oxygen used by activated sludge control and activated sludge
plus sewage during activated sludge development in experimental plant

Acga Mg of O3 used per liter in indicated time (hours)
va!
Time from start | me sludge .
of aeration No. sus- Activated sludge plus sewage Activated sludge control
(days) * | pended
solids,
p.pm| ¥ 2 3 4 2% u 2 3 4 24
1 182 00| 9.6 - 2.7 | 84.4 L6] 23 47| 37.8
2 300 8.1)2.2 © 7.8 | 455.0 4.7 12.7 21.7| 55.6
3 760 | 17.3 | 49.9 76.5 | 179.2 .9110.9 7.5 | 928
4| 1,188 | 13.3]36.2 5.8 190.5 | 129 ] 28.2 46.0 | 174.1
5| 1,462 | 28.7 | 59.7 9.6 | 240.2 7.5 | 4.9 49.0 | 118.5
6| 1,448 | 342| 7.0 86.3 |209.8| 13.7 | 2.5 40.7 | 115.2
7] 2300 | 38.5]|63.0 11L.0 17.9 | 321 | ‘69.7 | 241.7
8| 2,920 |168.5 |.__.__ 130.4 [2162.5 | 321.0 |1 21.5 |._____ 45.6 [369.7 | 231.8
9| 2,864 |173.2 189.8 [2232.9 | 4729 |144.1 52.5 | *74.3 | 2146.0
11 hour.
2 5 hours.

TaBLE 10.— Additional quantilies of oxygen used, as a result of the addition of
sewage, by activated sludge during ils developmcnt in the experimenial plant

" Acti- B. 0. D. of . ,
. vated | su t |B.0.D. Mg of Ox nsngm‘ liter Ma‘l:’gl sub-
Time from start of | Test |Studge| effluentin | ofsub-
aeration (days) No. suf"ed p.p.m. mﬂ ed
solids, y
p.p.m.| 5-day | 20-day u 2 3 4 24
1 182 16.0 | 106.8 | 112.0 0.0 7.3 16.0 46.6
2 300 15.4 | 100.6 | 795.0 3.4 1.6 50.1 390.4
3 760 12.0 9.4 233.0 16.4 89.0 49.0 86.4
4] 1,188 10.0 5.1 55.0 .4 10.0 13.8 16.4
5| 1,462 8.5 51.8 | 123.0 21.2 34.8 426 121.7
6] 1,448 11.3 11.5 78.0 20.5 56.5 45.6 94.6
71 2300 1.7 14.1 79.9 20.6 30.9 41.3 Jocaeo -
8] 2,920 1.6 20| 176.0 | 147.0 g 84.8] 21928 89.2
9| 2,864 2.3 25.1} 136.0 | 129.1 137.3 | 1168.6 226. 4

* Obtained by subtmctlng the activated sludge control data from the corresponding activated sludge
plui feed data as given in
1 hour.

35 hours.
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TaBLE 11.—Percentage of 5-day B. O. D. of subsirale sewage oxidized by activated
~ 8ludge during dcvelopment in expertmental plant

Activat- Percentage oxidation during the indicated time
Time from start of seration | Test |°dsiidge (hours)®
(days) No. | ed solids,
| p.p.m. % 2 3 4 24

1 182 0.0 6.5 14.3 41.6
12 2 300 .42 145 | 6.3 50.2
19. [ SO, 760 7.0 16.7 21.0 37.1
2. 4 _____ 1,188 .72 18.2 Jocaceaoaos 25.1 29.8
35, 5 1,462 17.2 283 oo 34.6 98.9
47 6 1,448 28.3 (72.4) |l 58.5 121.3
56 7 2,300 25.8 38.7 51.7
70 8 2,920 126.7 48.2 252.7 50.7
83 9. 2, 864 121.4 101.0 2116.6 166.8

¢ Difference in oxygen used by sludge feed mixture minus oxygen used by sludge control divided by 5-da;
B. 0. D. of feed X 100. €0 v v

1 & hours

During the period of sludge development covered by these tests the
suspended solids in the aeration tank mixture gradually increased
from 182 to 2,900 p. p. m. One difficulty with the tests was caused
by the wide fluctuation in the 5-day B. O. D. of the sewage arriving
at the plant. Thus on March 25 the sewage feed had a 5-day B. O. D.
of 795 p. p. m., while on April 10 it had a value of only 55 p. p. m.
A more uniform strength of the sewage used would doubtless have
increased the significance of the tests. In tests Nos. 1 and 2, 14.3
and 6.3 percent, respectively, of the 5-day B. O. D. of the substrate
feed was oxidized in 4 hours. In tests Nos. 3 and 4 the amount of
sludge had increased and the 4-hour percentages o' substrate oxida-
tion had increased to 21.1 and 24.7, respectively. Reference to
table 9 indicates that, judged by the amount of oxygen necessary to
stabilize the sludge alone, the quality of the sludge in test 4 had
retrogressed since test 3 was made. The plant was, therefore,
operated on the fill-and-draw principle for several days and then was
returned to continuous flow operation. Test 5, made with a
sludge of 1,462 p. p. m. suspended solids, showed a remarkable im-
provement in its substrate oxidizing capacity. In this test the per-
centages of the 5-day B. O. D. of the substrate feed oxidized during
all periods had increased and in 4 hours had reached 34.5 percent.
There was a further improvement in the substrate oxidizing capacity
of the sludge in test 6. The data on tests 5 and 6 indicate that by
this time the substrate oxidizing capacity had reached that of a normal
nonnitrifying sludge. No significant changes appeared in the results
from tests 7 and 8 except that, for some unexplained reason, no further
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substrate oxidation was noted in test 8 after the fifth hour. In test
9, however, the oxidation of the substrate organic matter was carried
into the nitrification stage for the first time, as indicated by the
presence of nitrates in the dosed mixture, and 116 percent of the
5-day B. O. D. of the substrate was oxidized in 5 hours.

SUMMARY OF BUBSTRATE OXIDATION PERFORMANCE

A summary of the mean substrate organic matter oxidation per-
formance obtained with various sludges when dosed with different
substrates and calculated as described, is shown in table 12 and
illustrated in figure 4. The results obtained in the previous study (1)
with pure culture sludges on synthetic and sterile domestic sewage
are included in this table for comparison. In the tests made on
sterile and synthetic sewage the data indicate that activated sludge
did not quite equal the performance of pure culture sludge in substrate
organic matter oxidation. The mean result of 11 tests with raw
sewage substrate oxidized by nonnitrifying activated sludge gave
lower satisfaction of 5-day B. O. D. for periods up to 3 hours, and
higher proportions thereafter, than the tests on synthetic and on
sterile sewage. With nitrifying sludges the highest percentages of
5-day substrate B. O. D. satisfaction were obtained. These sludges
dosed with comparatively weak substrates indicated 5-day substrate
B. O. D. oxidations of 54.3 and 115 percent in 1% and 5 hours, respec-
tively. These data indicate that the percentage of the B. O. D. of
the substrate oxidized in activated sludge plant operat.lon is much
higher than has been generally realized. . _

TaBLE 12.—Summary of mean percentages of 5-day substrate feed B. 0. D. ozidized
as a result of its addstion to various types of activated sludge

mtng of 5-day substrate feed
Num. sl:(g Substrate feed oxidized in indicated time
ber of | S
Type of sludge m p:l.:l'ed
tions solids, Mean
p.p.m.| Description ¥ |14 3 [ 10| 2
. B.0.D
Activated sludge | S 2| 8,214 | Raw sewage...__ 100 | 24.5 | 54.3 :-]115.0 [162.0 | 199.0
Do . 1] 2,617 |.__-. do._________. 177 | 89| 21.6 | 28.4 | 46.8 | 61.3 | 80.0
Dos ] 4| 2,780 | Synthetic and 176 | 122 | 23.6 { 33.0 | 40.8 63.8
sterile sewage.
Pure culture sludge3._ 8| 1,600 [-.... [ [ SO 166 | 12.9 | 28.8 | 41.8 | 48.1 | 63.6 { 80.0

1 Actively ni sludge.
? Nonnitrifying sludge.
3 Nonnitrifying zoogleal bacteria.
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FIGURE 4.—Mean percentage of 5-day substrate feed B. O. D. oxidized by various types of activated sludge.
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OXIDATION OF ACTIVATED SLUDGE

The control activated sludge mixtures used in all of these experi-
ments contained the same quantities of sludge as the dosed mixtures
and they were made up to volume with buffered dilution water after
the old supernatant had been removed. Consequently the substrate
liquor contained practically no organic food and the oxygen used by
these mixtures can be ascribed to the oxidation of the sludge and to
material previously adsorbed on the sludge floc.

The oxygen requirements of the sludge, obtained as described, are
shown for experiments 2 to 10 in table 6 and for the series of tests on
sludge development in table 9. From these data the quantities of
oxygen used per gram of sludge have been calculated. The quantities
of oxygen used per gram of sludge during activated sludge develop-
ment are shown in table 13. Itwill be observed that the 4-hour oxygen
requirement per gram of sludge was reduced progressively from 72.3
milligrams on the second test to 28.1 milligrams on the sixth test.
During the same period the 24-hour oxygen requirement per gram of
sludge was reduced from 185.3 milligrams to 79.6 milligrams. From
the sixth to the ninth test there was little change in the oxygen require-
ments of the sludge. After the nintb test the plant was shut down for
38 days before it was started again. In August 1936, after the plant
had been operating again for almost 30 days, tests 10 to 14 were made.
During this period the plant was operated on an 8-hour aeration period
and the tests show that the oxygen requirement of the sludge reached
minimum values.

TaBLE 13.—Quantity of oxygen used to oxidize sludge during activated sludge
development in experimental plant

Mg of O; used per gram sludge in indi-
Sus-

Time from start of aeration | Test | Sludge | pended :::ri mmﬁima (hours)

(days) No. | index* | solids, ash
p.p.m. % 2 3 4 2%

3 1 182 8.2 12.6 25.8 207.0
12 2 00 15.6 59.0 72.3 185.3
19 [ 3 P 760 L18 14.3 38.2 122.1
28 4 741 1,188 10.8 22.0 38.7 146.5
35. b 53| 1,462 25.6 81 17.0 33.5 8L0
47, 6 2.7 1,448 22,3 9.5 15.5 281 79.6
56, 7 42| 2300 19.0 7.8 140 130.3 106.1
70. 8 4.6 ] 2,920 18.7 7.3 15.5 | 123.9 7.4
83 9 571 2,864 19.8 | 15.4 18.3| 1259 85.9
151 10 3.6 2,98 28.5| 84.1 6.5 81 11L0 353
152. 11- 3,080 5.1 5.6 7.3 11L9 35.9
154 12 34| 2,784 26.8| 4.7 7.5 10.7} 1158 3L9
155. 13 2,822 147 8.1 124 116.3 40.5
156. 14 2,848 .35 4.5 6.8 19.3 38.7

: 5}’ p. m. suspended solids divided by sludge volume in milliliters per liter after 30 minutes’ settling.
hours.
11 hour.
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The quantities of oxygen used by sludges from other sources are
shown in table 14. After the first 1%-hour period the sludge from the
south-side plant at Lancaster, Pa., required more oxygen per gram
than any other sludge examined. In 24 hours it required as much
oxygen as the sludge in the experimental plant at the start of activated
sludge development and twice as much as any activated sludge
examined. From a biochemical standpoint this was the poorest of all
sludges examined, for its substrate oxidizing performance, as here-
tofore defined, was nil. The north-side Lancaster plant sludge had
oxygen requirements per gram of sludge of the same order of mag-
nitude as the sludge from the experimental plant after an activated
sludge had been developed. Several tests on sludge from the small
experimental activated sludge plant at the station are also shown.
On April 24, 1936, such tests were made on three multiple increments
of sludge, the results of which indicate fair agreement.

TABLE 14.—Quantities of ozygen per gram of sludge used to oxidize activaled sludge
from various sources

Mg of O3 used per gram of sludge in the indicated
. time (hours)
Origin of sludge Date, 1936
¥ 14 3 4 b 10 12 P23
Lancaster, Pa., south plant Feb. 13 6.0]16.6} 20.1 .| 45| 1.2 177.3
Lancaster, Pa., north plant Feb. 12 50| 9.2]16.1 22.5|134.2 ... 64.7
Do. Mar. 4 59120 20.2 25.4 | 47.5 |.__._. 89.9
Do. Apr. 2 12| 80 10.6 25.7| 31.8
Small experlmental plant. Apr. 8. 6.0 |115.7 2.4 -] 9.6
. 9. 6.1 {1117 20.4 86.3
same |{Apr. 4 (1632)_|..... 18.6 13.9 40.5
slndgod indwated sus- [{Apr. 24 (3264) _|__.... 161 |..._. 10.4 40.6
solids in p. p. m. Apr. 24 (4896) - 16.9 ... b3 05 . 75 PRI BRI S, 52.9
Labora! sludge:
Mixed sewage culture:
ev;;aloped on raw 8ewage | Apr. 7. ceeea.. 5.5} 10.0 13.7 31.4
Developed on sterile sewage do. 3.7]|1L3 4.2 41.3
Pure culture zoogleal bact 57| 61| 7.0 1.7 13.3 2.7

12 hours.

If, as has been shown here, the oxidation capacity of an activated
sludge for short periods of aeration is definitely limited, it follows that
the higher the oxygen requirement of the sludge alone, the smaller will
be the capacity remaining for immediate oxidation of added substrate.
It would seem justifiable to conclude from the data presented that the
oxygen requirement of the sludge is an important criterion of sludge
condition. There is, apparently, considerable seasonal fluctuation,
dependent upon temperatures, in the oxygen requirement of the sludge
alone, and data are needed on a large variety of activated sludges
before any conclusion can be reached regarding a mean oxygen require-
ment that would insure maximum efficiency in plant operation.
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PERCENTAGE OF OXYGEN USED BY THE UNFED SLUDGE

The percentage of the total oxygen required by the fed sludge mix-
ture that is used by the unfed sludge has been calculated for a number
of experiments and the results are given in table 15. Similar per-
centage oxygen requirements of the pure culture sludge that was
studied () are also shown. The data indicate that the percentage
oxygen requirement of the unfed sludge is considerably higher for
apparently normal nonnitrifying sludge than for pure culture sludge.
There is, however, considerable variation in the percentage of oxygen
required by the unfed sludge in the various experiments.

TasBLE 15.—Percentage of the total oxygen required by fed sludge mizture that is used
by unfed sludge

5-day Percentage of oxygen used by the sludge alone
pfgged B0, in indicated time (hours)
of
Activated sludge used (only non- s:lcig.s, sub-
nitrifying sludges were included) vated strate
sludge, | %0, 115t01|4to2| 3 |4to5]| 10 | 2
P.P-m.p o 'm.
Experiment 4 C raw sewage..._._.__ 2,024 | 170 41.5 3L5 25.8 38.7 37.2 459
Experiment 6 raw Sewage....ccecea-- 2,268 3.8 27.4 ... 16.9 25.1 321
Experiment 7 raw sewage........ 2,448 | 137 33.8 55.5 50.0 46.0 863.2 |
Experiment 8 raw sewage._ 2,816 | 173 35.8 312 3.2 33.2 |eeeeeees 487
Experiment 9 raw sewage._... 2,784 | 168 41.2 35.2 35.8 39.6 426
Experiment 10 raw sewage.... 2,866 | 176 |....... 22.8 213 22.8 48.7
Sludge development test 5.... 1,462 | 123 34.8 41.8 53.5 49.4
Sludge development test 6. 1,448 78 40.0 28.5 47.2 55.0
Sludge development test 7-._.-._.._ 2,300 79.9 46.5 [ Ry 4 . 62.8
Sludge development test 8..._cc.-.._ 2,900 | 176.0 310 34.9 428 72.2
Mean (nonnitrifying activated
[ V57 BN 2,333 | 151 37.0 38.2 2 40.4 49.3
Mean (pure culture zoogleal sludge).| 1,600 | 172.0 27.3 149 16.5 18.6 4.7 22,1

The following factors are apparently responsible for this variation:

1. The substrate oxidation capacity of the sludge;

2. The oxygen requirement of the unfed sludge;

3. The type of sludge (i. e., whether it is capable of nitrifying or not,
if given the proper nutrient substrate);

4. The B. O. D. of the nutrient substrate; and

5 The concentration or quantity of sludge used.

The first three of these are primary factors, dependent upen the
treatment that the sludge has undergone up to the time of the test.
The first two factors are inversely related until (2) reaches a fairly low
value where (1) is a maximum. As (2) falls below this point (1) also
falls. An actively nitrifying sludge has a very high value for (1) (as
ammonia is also being oxidized) and a fairly low value for (2). Factors
4 and 5 are dependent upon the proportions of sludge and nutrient
substrate used in the test. If similar quantities of sludge are dosed
with somewhat similar quantities of nutrient substrate, a direct rela-
tionship exists between the oxygen requirement of the sludge alone
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and the percentage that this quantity of oxygen is of the total used by
the dosed mixture. This relationship is indicated in figure 5.

DISCUSSION

The oxidizing rates of good activated sludges are high after dosing
when compared with the rate of natural biochemical oxidation. The
capacity to oxidize substrate food at high rates is developed in the
sludge as a result of continuous feeding and proper aerobic conditions
which promote the development of enormous numbers of bacteria.
However, this oxidation capacity developed by the sludge is definitely
limited. This is illustrated by the multiple substrate food experi-
ments which indicate that the oxidation obtained during the early
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FIGURE 5.—Relation between the quantity of oxygen used to stabilize the sludge alone and the percentage
that this oxygen is of the total oxygen used in a dosed aeration misture. (4-hour aeration time data.)

hours is not proportional to the B. O. D. of the substrate food added.
On account of the high rates of oxidation obtained with freshly dosed
activated sludge mixtures, the oxidation reaction results cannot be
fitted by the unimolecular expression but require the formula y=L—
[a(10~**)+-b(10~%*)] to represent them. The velocity constants in
the above expression for the oxidation reaction will vary considerably,
depending upon a number of factors. Consequently no fixed formula
can be given that will represent the reaction for activated sludge with-
out further definition and limitation of the term activated sludge.
It has been shown that in 5 hours the increased quantity of oxygen
used as a result of the addition of sewage to activated sludge varies
from about 20 to more than 100 percent of the 5-day B. O. D. of the
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sewage. Also, that about 30 to 70 percent of the oxygen absorbed by
a freshly dosed activated sludge is used by the sludge alone to oxidize
previously adsorbed food material. The oxygen requirement of the
sludge for 5 hours varies from about 10 to 40 milligrams per gram of
sludge. If the oxygen requirement of the sludge falls too low, the sub-
strate oxidation capacity also falls. This may happen during sludge
reacration. The harmful effect caused in this manner by reaeration
has been demonstrated by Bottcher (10).

It would seem that, from the standpoint of economy of oxygen
consumption, a plant will be operated most efficiently when the
smallest quantity of activated sludge that will permit the maintenance
of the sludge in an optimum oxidizing state is carried in the aeration
tank. Operated in this manner, a plant will produce slightly larger
quantities (dry weight, not volume?) of sludge. On the other hand,
carrying higher concentrations of sludge in the aeration tank than
necessary to maintain a maximum substrate oxidizing efficiency tends
to oxidize larger quantities of the sludge itself, requires more air for
the process, and will produce slightly smaller quantities (dry weight,
not volume) of sludge to be wasted.

The variability of the oxygen requirement of return activated sludge
and of its substrate oxidation capacity indicates that practical tests to
measure these characteristics would be valuable aids in plant oper-
ation. Tests of this kind have been applied in the operation of the
plant at Indianapolis and have been described recently by Bloodgood
(9). Spiegel, Kappe, and Smith (14) have also presented studies on
rates of oxygen utilization of sludge sewage mixtures with the object
of plant control.

Additional studies on activated sludge which have been completed
since the data presented here were obtained have confirmed the con-
clusion that the oxygen requirement of a sludge and the substrate
oxidizing capacity are valuable and important measures of sludge
condition. These criteria are more sensitive indicators of change in
sludge condition than other chemical tests such as percentage of ash
or substrate B. O. D. removal capacity. Practical tests for the
determination of these criteria in conjunction with sludge index and
the other common tests should be very valuable aids in plant operation.

The relative quantities of oxygen necessary for biochemical oxida-
tion by activated sludge during successive portions of the aeration
period are of practical interest in plant operation. Jenks and Levine
(11) have discussed the theoretical rate of oxygen requirement of the
activated sludge process on the assumption that the rate of air supply
should be adjusted to the diminishing demand. They used a uni-
molecular rate curve for this reaction and according to their calcula-
tions 60 percent of the air used during a 5-hour period should be applied

3 The total volume will depend upon other factors.
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during the first hour, 24 percent during the second hour, and 16 per-
cent during the last 3 hours. Grant, Hurwitz, and Mohlman (12)
pointed out that this rapidly decreasing oxygen requirement would not
be obtained in the presence of activated sludge. Their data indicate
that the rate of utilization of the oxygen by activated sludge was
linear and, therefore, the larger the proportion of sludge solids the
more uniform the rate of oxygen utilization. When the mean rate
of substrate oxidation by nonnitrifying sludges, as shown in table 12,
was plotted, it was found that approximately 25 percent of the 5-day
B. O. D. of the substrate was oxidized during the first 2 hours of the
aeration period, 14 percent during the second 2-hour period, and 11.5
percent during the third 2-hour period. Accordingly, about 50 per-
cent of the oxygen required for substrate oxidation in a 6-hour aera-
tion period was used during the first 2 hours of the period, about 28
percent during the second 2 hours, and 22 percent during the third
2-hour period. ’

When the oxygen requirements per gram, as shown in tables 13
and 14 for sludge having low, average, and high oxygen requirements,
were plotted, the milligrams of oxygen per gram of sludge necessary
for each 2-hour aeration period were about as follows:

Oxygen require- | Substrate oxidiz- V : First | Second | Third
ment of sladge '| ing capacity Plotted from data in— period | period | period
) 701 . Good._..oceaee. Table 13, tests 10and 12 _ . ... 8.0 4.5 3.0
Average. ... Excellent_......_ Tabl; i’f Lazwasm, north plant, Feb. 12 14.0 8.0 7.0
- and Mar. 4.
High. Poor Table 14, Lancaster, south plant....._... 20.0 15.5 14.5

The percentage of the oxygen used during the 6-hour aeration
period that was required in each 2-hour period for each of these
sludges was about as follows:

Oxygen requirement of sludge Substrate oxidizing capacity mﬂ Smecomi gﬂg
Low... Good 50 30 2
Average. Excellent. 48 28 24
High Poor. 40 31 29

These data seem to indicate that the amount of air tapering permis-
sible in a plant, from the standpoint of biochemical oxidation, is depend-
ent upon the oxygen requirement of the sludge itself. With sludges of
average or low oxygen requirements, the oxygen requirement of the
mixed liquor for each 2-hour period will be very nearly equal to the
proportional requirement of the substrate oxidation accomplished
regardless of the quantity of activated sludge. Using a substrate feed
with a 5-day B. O. D. of 175 p. p. m. and a nonnitrifying sludge of
average oxygen requirement containing 2,500 p. p. m. of suspended



September 23, 1938 1716

solids, the number of milligrams of oxygen required per liter for each
portion of the aeration period may be estimated as follows:

'l‘oi;al required First period Second period Third period

6 hours
SUBSTRATE
175 p. p. m., 5-day B. O. D..._._| 175X0.50=87. 5 | 87.5X0.50=43.7 | 87.5X0.28=24.5 | 87. 5X0.22=19.3
SLUDGE (AVERAGE)
2,500 . P. DMleceeecmmeommmoeee 2.5X20 =72.5 | 72.5)X0.48=34.8 | 72.5X0.28=20.3 | 72.5X0.24=17.4
Total for aeration mixture. 160.0 78.5 44.8 36.7

This indicates that about 49 percent of the oxygen required during a
6-hour aeration period is used during the first 2 hours, 28 percent
during the second 2 hours, and 23 percent during the third 2 hours.

If a mixture containing sludge with a high oxygen requirement was
used, then, with increasing quantities of sludge, the proportion of
oxygen necessary in each 2-hour period would tend to approach the
values shown above for the sludge of poor substrate oxidizing capacity.

In any case the elapsed time and the nature of treatment of the
sludge from the time it left the effluent of the aeration tank until it
was returned to the influent would influence the proportion of oxygen
required during the first 2 hours of aeration. Haseltine (13) points
out that, at Salinas, Calif., from 55 to 70 percent of the total air was
applied to the first half of the aeration tanks and that this percentage
increased with high sewage flows or bulked sludge.

SUMMARY

The results and conclusions of practical interest that seem warranted
from this study may be summarized as follows:

(1) That the oxidation rates in activated sludge vary considerably
depending upon the conditions of operation.

(2) That oxidation rates are obtained in the activated sludge
process very much greater than the normal biochemical oxidation
rate observed in streams. The unimolecular expression y=L(1—
10~**) with a k of 0.1 at 20° C. is accepted as representing normal
biochemical oxidation as it ordinarily occurs in streams. When an
activated sludge is dosed, however, the oxidation reaction data cannot
be fitted to the above expression, but the formula y=L—[a(107%*)+
b(10~**)] with & values mdlcatmg hlgher rates, more nearly represents
the reaction. The rates expressed in nulhgrams of oxygen per liter
per hour are naturally very much higher in the activated sludge
process than in streams.

(3) That the development of a mass of bacteria by the apphcatlon
of food and maintenance of proper aerobic conditions for their rapid
propagation is the explanation for the high rate of biochemical oxida-
tion obtained in the activated sludge process.
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(4) That independent observations on the quantities of oxygen
required by a fed and unfed portion of an aetivated sludge result in
valuable information on sludge condition and plant operation. Such
observations may be made with the methods and apparatus described
in the previous paper of this series (1), with the apparatus described
by Bloodgood (9) or by other apparatus and methods. It is probable
that observations of oxygen utilization during an aeration period of 1
to 4 hours with the simplest apparatus would be most useful for
practical plant control operations. After some experience has been
obtained on any particular plant, the knowledge of the quantities of
oxygen used by the control and fed sludge mixtures will enable the
operator quickly and more effectively to control plant operation.
This information is of particular value because it is obtained after a
relatively short observation period, thus enabling a much quicker
discovery of unsatisfactory conditions and a correction of the difficul-
ties before they become unmanageable.

(5) That the quantity of oxygen used by the unfed or control sludge
portion is a criterion of sludge condition. The quantity of oxygen
used per gram of suspended solids for a good unfed (return) sludge
seems to vary from about 10 to 30 milligrams in 5 hours. The limits
given are rather wide, but it is possible that some activated sludges
may have a 5-hour oxygen demand somewhat higher than 30 milli-
grams of oxygen per gram of suspended solids and still be fairly good
sludges. Experience at any particular plant will indicate the optimum
range of oxygen requirement of the sludge for the operation cycle at
that plant.

(6) With good activated sludges the fed activated sludge portion
uses considerably more oxygen than the control or unfed portion.
With nonnitrifying activated sludges fed with substrates with a 5-day
B. O. D. of 80 to 200 p. p. m., the control sludge required only about
30 to 50 percent of the oxygen used by the fed mixture during a
5-hour aeration period.

(7) It is shown that the quantlty of oxygen utilized as a result of
the addition «f the substrate is not proportional to the B. O. D. of
the substrate added but seems to be dependent upon the biochemical
character and activity of the sludge used. The quantity of oxygen
used as a result of the addition of a given increment of substrate is an
index of the oxidizing activity of the sludge. The additional oxygen
used by the sludge as a result of the addition of the substrate is
tentatively ascribed to the oxidation of substrate.

(8) When the oxygen utilized as a result of the addition of substrate
to activated sludge is taken as a measure of substrate oxidation and
calculated in terms of the 5-day B. O. D. of the substrate added, it is
found that usually from 40 to 50 percent of the 5-day substrate feed

87206°—38——38
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B. 0. D. is oxidized in 5 hours by nonnitrifying activated sludge. If
a substrate having a rather low (100 p. p. m.) 5-day oxygen demand is
added to a nitrifying activated sludge, a quantity of oxygen represent-
ing more than 100 percent of the 5-day B. O. D. of the substrate
added may be used in 5 hours as the result of the addition.

(9) It is shown that the percentage of the 5-day B. O. D. of the
substrate oxidized (determined as above) is gradually increased during
the development of activated sludge in a plant until the above values

are reached.
(10) The rapid reduction in the oxygen requirement of fed activated

sludges due to the rapid oxidation of substrate indicates the practica-
bility of tapered aeration in plant operation.

(11) The study indicates that there is no single optimum quantity
of activated sludge that should be carried in all plants, but rather that
each plant will require a different optimum quantity of sludge depend-
ent upon the character and strength of sewage and cycle of operations
of that individual plant. In general, no more sludge than is necessary
to maintain a satisfactory plant efluent should be carried for the most

economical operation.
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HOSPITAL FACILITIES IN THE UNITED STATES

To those persons interested in supply and demaid as it applies to
bospital facilities, and to those seeking a more adequate distribution
of such accommodations, a recent bulletin ! issued by the Public
Health Service, entitled ‘“Hospital Facilities in the United States,”
should present much valuable information. Inclusion of a number of
charts and tables augments its usefulness as reference material.
The first section of this pubhcatlon, “Selected Characteristics of
Hosplt.a.l Facilities in 1936,” gives a panoramic view of the medical
type, size, control, and use of hospitals which operated in 1936 and
the relationship of these facilities to population groups. The second
section, entitled “Trends in Hospital Development, 1928-1936,”
presents information regarding the extent to which such factors as
control, size, and location have motivated stability of existence during
the indicated span.

Section I emphasizes the following points: The 4,841 registered
general and special hospitals in the United States, one-half of which
have less than 50 beds each, represent an aggregate capacity of
451,000 beds. Nonprofit organizations lead as the sponsors of general
and special hospitals; on the other hand, mental and tuberculosis
institutions are primarily tax-supported. The 597 mental hospitals
have in excess of one-half million beds, thus signifying that their
average size is large. Even so, mental hospitals are often filled to
more than their rated capacity. Tuberculosis sanatoria are of moder-
ate size, 506 registered institutions of this type having about 71,000
beds. The southern States have relatively few hospital facilities of
all types, while States of the Mountain and Pacific areas and those
of the middle Atlantic seaboard rank much more favorably when
accommodations are related to population. -

During the period covered by the study reported in the second sec-
tion of the bulletin, about 60 percent of the 8,191 registered hospitals
under analysis mamta.med continuous existence. The other 40 per-
cent include a number that were newly established and many that
were discontinued. The loss of facilities as revealed by the data is
actually more apparent than real. The institutions that failed to
survive were for the most part small ones, privately owned, and
located in populous counties comparatively well supplied with hospital
facilities.

"1 Public Health Bulletin No. 243. Government Printing Office, Washington, D. C. 10 cents.



September 23, 1038 1720

DEATHS DURING WEEK ENDED SEPTEMBER 3, 1938

[From the Weekly Health Index, issued by the Bureau of the Census, Department of Commerce]

‘Week ended
Sept. 3, 1938

ing w:gll!&

Data from 88 large cities of the United States:
Total deaths
Average for 3 prior years.
Total deaths, first 35 weeks of year
Deaths under 1 year of age.
Average for 3 prior years.
Deaths under 1 year of age, first 35 weeks of year.
Data from ind insurance companies:
Number of death claims

Death claims per 1,000 policies in force, annual rate. .- .—-o—mo--
Death claims per 1,000 policies, first 35 weeks of year, annual rate........

1 Data for 86 cities.



PREVALENCE OF DISEASE

No health department, State or local, can effectively prevent or control disease without
knowledge of wh’en, where, and under what conditions cases are occurring
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